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the Dirac fermion, but it takes the form of the Majorana fermion at a late time. The relic number 
density of the dark matter is determined by the dark matter asymmetry generated through the 



same mechanism as leptogenesis when the dark matter was the Dirac fermion. After efficient dark 
matter annihilation processes have frozen-out, a phase transition of a scalar field takes place and 

m ■ 

generates Majorana mass terms to turn the dark matter particle into the Majorana fermion. In 
order to address this scenario in detail, we propose two simple models. The first one is based 



on the Standard Model (SM) gauge group and the dark matter originates the SU{2)l doublet 



in 

Dirac fermion, analogous to the Higgsino-like neutralino in supersymmetric models. We estimate 



the spin-independent/dependent elastic scattering cross sections of this late-time Majorana dark 
matter with a proton and find the possibility to discover it by the direct and/or indirect dark 
matter search experiments in the near future. The second model is based on the B — L gauged 
extension of the SM, where the dark matter is a SM singlet. Although this model is similar to the 
so-called Higgs portal dark matter scenario, the spin-independent elastic scattering cross section 
can be large enough to detect this dark matter in future experiments. 

PACS numbers: 95.35.+d, ll.10.Wx, 11.30.Fs, 98.80.Cq 



* okadan@ua.edu 

' seto@physics.umn.edu 



1 



I. INTRODUCTION 



The origin of baryon asymmetry as well as of dark matter (DM) are fundamental questions 
in cosmology Until now various mechanisms for the generation of baryon asymmetry and 
the candidates for dark matter have been investigated. Under the standard paradigm, the 
dark matter is made up of the weakly interacting massive particle (WIMP) which freezes 
out from the thermal equilibrium, while the baryon asymmetry is supposed to be generated 
by a mechanism that has nothing to do with the relic abundance of the WIMP dark matter. 
However, the observed baryon density Q5 and that of dark matter Qdm are close to each 
other [lj], namely fi^f/fi^ ~ 5, and this fact might imply a certain connection between the 
two densities in history of the Universe. For example, the Q-ball generated in the early 
Universe 2U2I can be a single source to explain this concordance. 

The so-called "asymmetric dark matter" (ADM) scenario offers another approach, where 
similarly to the relic baryon density, the dark matter relic density is determined by a nonva- 



ran the 



11 



nishing asymmetry between dark matter particle and its anti-particle (8HlO|, rather tl 
usual thermal freeze-out via annihilation. In many ADM models proposed so far 
the dark matter particle shares a common quantum number with the baryon and the dark 
matter asymmetry is generated associated with the baryogenesis. For a successful ADM 
scenario, the following two conditions should be satisfied. First, the dark matter particle is 
a complex field and "dark matter number" can be defined which distinguishes dark matter 
particle and its anti-particle. Second, the annihilation cross section between dark matter and 
anti-dark matter particles is lar ge e nough for the symmetric component of the abundance 



to be almost completely erased 



19H23J. As a result, the relic abundance of dark matter is 



determined by the dark matter-antidark matter asymmetry left in the Universe. In some of 
ADM models, this condition of efficient annihilation processes is achieved in the presence of 



light mediator particles 



18 



24]. 



If an ADM has the electroweak interaction, especially the coupling with Z boson with a 
large annihilation cross section, the dark matter direct search experiments [25[ give a very 
severe constraint on mass of the dark matter > O(10 TeV). This constraint can be avoided 
if a tiny dark matter number violating mass term is introduced. However, it has been found 
that this term should be very small < 10~ 41 GeV, in order to suppress the dark matter- 
antidark matter oscillation in the early Universe 26M29| . While such a tiny dark matter 
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number violation may be attractive because the dark matter indirect detection becomes 



available 



26|-|28| , its smallness gives rise to the fine-tuning issue in theoretical point of view. 



In this paper, we propose a novel ADM scenario, in which the dark matter relic density 
is determined by the dark matter asymmetry in the early Universe, but the nature of the 
particle is Majorana without introducing such the extremely tiny parameter as mentioned 
above. The key ingredient is that the dark matter is the Dirac fermion in the very early 
Universe, but a late-time phase transition generates Majorana mass terms and as a result, 
the initially Dirac fermion dark matter takes the form of the Majorana fermion, after the 
symmetric part of the DM abundance has been erased by the annihilation between dark 
matters and anti-dark matters. In this paper we propose two simple models to address this 
scenario in detail. In the first model (Model A) the dark matter particle has the electroweak 
interaction through which the dark matter and antidark matter particles annihilate very 
efficiently in the early Universe. We consider the gauged U(1)b-l extension of the Standard 
Model (SM) for the second model (Model B), where the dark matter particle is a singlet 
under the SM gauge group but has a U(1)b-l charge. For completeness, we also consider a 
concrete mechanism for generating both the baryon and dark matter asymmetries. Various 
scenarios for baryogenesis by means of, for example, the out-of-equilibrium decay of heavy 



particles [3CH33j , a scalar condensate [34j-l37j and a CPT violating system [38|, |39( have been 



proposed in the framework of the ADM scenario. Similarly to the scenario proposed in 
Ref. 33[, we adopt the same mechanism as leptogenesis 40J, which is probably the simplest 
scenario for baryogenesis, for generating the dark matter asymmetry as well as the baryon 
asymmetry in the Universe. 

The paper is organized as follows. We first consider Model A in the next section, where 
new particles (Dirac fermions and complex scalars) of the electroweak doublets and singlets 
are introduced. In the early Universe, the out-of-equilibrium decay of the right-handed 
neutrinos generates the dark matter asymmetry as well as the baryon asymmetry. The 
Dirac fermion dark matters efficiently annihilate through the electroweak interaction and 
the resultant relic abundance is determined by the dark matter asymmetry. A late-time 
phase transition by a light scalar generates Majorana mass terms, by which the initially 
Dirac fermion dark matter has taken the form of the Majorana particle. We estimate the 
elastic scattering cross sections of the dark matter particle with a proton which are relevant 
for the direct /indirect dark matter search experiments. In Sec. Ill, we introduce Model B 



3 



based on the gauged U(1)b-l extension of the SM. New particles introduced in this model 
are all the SM gauge singlets. Our discussion on Model B is analogous to that on Model A, 
but in Model B efficient annihilation processes of Dirac fermion dark matters are realized 
by the resonance effect of intermediate particles such as the B — L gauge boson and Higgs 
bosons. Although this model is similar to the so-called Higgs portal dark matter scenario, we 
will see a crucial difference. Sec. IV is devoted for summary and discussions. Our notations 
and the formulas used in our analysis are listed in Appendices. 

II. MODEL A 
A. Setup 

This model is based on the SM gauge group. We introduce a vectorlike pair of SU(2)L 
doublet fermions (ipi and <f) R ), a vectorlike pair of SM singlet fermions (xl and xr)i and SM 
singlet (0) and doublet complex scalars (77), as well as the right-handed neutrinos (N R ). " 
The charge assignments are shown in Table I. Here, we have introduced a discrete Z 2 parity 
to guarantee the stability of dark matter particle and a global U(l) symmetry to forbid 
Majorana mass terms for the gauge singlet fermions. The new doublet fermions are similar 
to the Higgsinos in the minimal supersymmetric Standard Model (MSSM) while the singlet 
fermions behave like a pair of Bino without Majorana masses. The dark matter particle, 
which turns out to be a mixture of the doublet and singlet fermions after the electroweak 
symmetry breaking, has a large annihilation cross section through the electroweak gauge 
interaction. 

The gauge invariant Lagrangian relevant to our discussion is given by 1 

- £ 3 \yx c R <t>XR + \yxl<PxL + \n c r m n n r 

+H x XlXr + ^ipL^R + y^pL^XR + YXl^Hr + Y N ip L rfN R + h.c. 
+V($,ri,<i>) (f) 

with 

V(^, V ,(j>) = m2|$| 2 + A 1 |$| 4 + m2|0| 2 + (A 4 |<l>| 2 + A 6 |r ? | 2 )|0| 2 + A 7 |0| 4 
1 To make our discussion simple, we have dropped a term Y^N^rjtpji, assuming <C Yjv- 
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TABLE I: Particle contents of Model A 



Fields 


SU{2) L 


U(1) Y 


Z2 parity 


Global U(l) 


IpL 


2 


+1/2 




-1 


^R 


2 


+1/2 




-1 


XL 


1 







-1 


XR 


i 
i 


n 
U 




— 1 


$ 


2 


+1/2 


+ 





V 


2 


-1/2 




+1 





1 





+ 


+2 


N R 


1 





+ 






+ml\r]\ 2 + A 8 |$| 2 |77| 2 + A 10 M 4 + H.c, (2) 

where $ denotes the SM Higgs doublet field. For simplicity, we have assumed common 
Yukawa coupling constants (y,Y and Y N ) between and Xl,r, between $, Xl,r and ipR t L, 
and between 77, ipL,R and A^r, respectively. is the Majorana mass term of the right- 
handed neutrinos Nr. We have omitted the flavor index for the right-handed neutrinos. 

We adjust the parameters in the scalar potential so as for $ and (but not 77) to develop 
vacuum expectation values (VEVs) at a true vacuum, where we expand the Higgs fields as 

with VEVs, v = 246 GeV and v s . The mass eigenstates are obtained by the unitary rotation 

Su S12 \ I (p \ I cos a sin a , 

, , , , . . ( 4 ) 

5*21 5*22 / V h I \ — sin a cos a I 

with a being the mixing angle, which diagonalizes the mass matrix 

/ 





Mass term = ^ (ip h) 



2v;X 7 vv s X 4 \ I (p 
vv s \i 2v 2 \\ I \ h 



(5) 



In the following, we consider the phase transitions by VEVs of $ and which take 
place in the early Universe as the temperature of the Universe is decreasing according to 



the expansion. Furthermore, we concentrate on a parameter space where the electroweak 
symmetry breaking occurs much earlier than the development of nonzero (f) VEV. 



B. Cosmological evolution 



The right-handed neutrinos Nr have two decay modes: decay into lepton and Higgs 
(Nr — > and decay into rj and ip (Nr — > ipT]). Lepton asymmetry can be generated by 
the former decay mode as in usual thermal leptogenesis [401 ] . The resultant asymmetry is 
expressed as 



e(N R ->m x Br (N R L$) 



(6) 



s g* 

by using the dilution factor kl corresponding to the washout effect for the generated lep- 
ton asymmetry, the branching ratio of Nr decay into lepton Bt(Nr — > and the CP 
asymmetry parameter in the decay 



F(N R -»■ L$) - T(N R L<&*) 



T(N R -» L$) + T(N R -> ' 
The same mechanism generates the asymmetry between ip and ip such as 



(7) 



-{N R -^ipVi) 



x Bi(N R — > iprj). 



(8) 



Here is the corresponding dilution factor, the branching ratio of Nr decay into ip is 
By(Nr — > iprj), and the CP asymmetry in the decay is defined as 



-(N R ^ipri) 



(9) 



In the following, the dark matter particle is the Dirac fermion which is a mixture of i/j and 
X and therefore, this ?/>-asymmetry generated by Nr decay is nothing but the asymmetry of 
ip dark matter sector. Notice that the asymmetry between 77 and rj* is also generated. 

After the electroweak symmetry breaking, where </> has not developed its VEV yet, the 
mass matrix for the Z2-odd Dirac fermions is given by 

( xl\ 



{XlX c r^lVr)M 



Xr 



(10) 
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where 

' the 
H x 

Y 

\ Y — 

so that the mass eigenvalues are found to be 



M 



o 

^ 



— o 





(11) 



Dirac 



H x + ± y/2Y 2 v 2 + (/i x - n^y 



(12) 



Provided rj is heavier than those fermions, the lightest mass eigenstate among the Dirac 
fermions is the dark matter particle. Since this Dirac fermion partly consists of the SU(2) 
doublet fermions (?/>), its annihilation processes are efficient in particular when the annihi- 
lation channels into WW and/or ZZ are kinematically allowed. This situation is analogous 
to the Higgsino-like neutralino dark matter in the MSSM. Therefore, Dirac fermion dark 
matters and anti-Dirac fermion dark matters can almost completely annihilate and only the 
dark matter asymmetry is left in the Universe. Similarly, the same is true for 77 and 77*, 
hence its symmetric component of 77 and rj* is erased by annihilation through SU(2) gauge 
interactions. 

Since the <fi is light, the scalar potential at zero temperature is simplified at low energies 
where the other scalars (and fermions) are decoupled: 



+ A 7 



(13) 



Here we have fixed parameters m? = —m\ — X^v 2 /2 > and hence develops the VEV, 




(14) 

In the early Universe, this scalar potential is modified by the thermal effect and temperature 
corrections are given by 41] 



SV 



— m 4 n — - - + — -Jb(tji /T 
64tt 2 V M 2 ) 2tt 2 



(15) 



where m 2 = — mA + 4Ay|0| 2 . In a high temperature, the function J^(m 2 /T 2 ) is expanded as 



J B {m 2 /T 2 ' 



71 



4 2 / 2 \ / 2 \ 

7T / m \ n( m \ 



2\ 3/2 4 



^ - 



45 12 \T 2 J 6 \T 2 J 



32T 4 



In 



/ m 2 \ 



(16) 
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where log ae = 5.4076. Since the scalar obtains the thermal mass m 2 h ~ T 2 \i/6, the 
finite temperature effective potential has a minimum at origin when the temperature of the 
Universe is high. It is easy to find that becomes tachyonic below the temperature 



T ~ 

A c — 



'Qm 2 



A 7 



(17) 



and starts developing nonzero VEV. In this way, the Majorana masses of Xl,r are generated 
after this phase transitions at a late time. 

In this paper, we consider the case that T c < M^ rac /20, which means the Dirac asym- 
metric dark matter particle becomes Majorana at a late time well after the decoupling of 
the efficient annihilation processes of the dark matters and antidark matters. The DM mass 
matrix is now modified to include the Majorana mass terms such as 



/ 



M 



(18) 



VIM 

^ V% Y% 

Y-fr /v 

\Y^ 2 H J 

Therefore, the Dirac fermion asymmetric dark matter before the phase transition by (0) has 
taken the form of the lightest Majorana fermion mass eigenstate which is a linear combination 
among xl,r and ij; L>R : 



Xj = N jlX c L + N j2X r + N^ C L + N j4 ^ R , 

where iVy is the unitary matrix to diagonalize the mass matrix. When we take fi^ = fi x { 
for example, the mass eigenvalues are given by 

^8Y 2 v 2 + 2y 2 v 2 s + y/2yv t 



4 



±4/x, 



(19) 
= 

(20) 



and the lighter one is the dark matter mass. 

The doublet scalar rj is heavier than the dark matter fermion and decays into the dark 
matter and the SM particles. The main decay mode is found to be r] — > through 
the mixing between the heavy right-handed neutrinos and the SM neutrinos, w T7S in the 



seesaw mechanism 
decay width as 



42j, where m v is the typical light neutrino mass scale. We estimate the 



r(?7 -> "Xj] 



16tt 



Y&M n 



M 



N 



(21) 



-5 /'10~ 4 \ 2 /0.1eV\ (M N 



which corresponds to 

t(„ - **) - 3.3 x 10- ^- J ^ J ^ J [seo] . (22) 

We can choose the parameters so as for the r\ to decay after the decoupling of pair annihilation 
processes of dark matters and also 77s. As we have discussed before, the Nr decay generates 
the same amounts for the dark matter asymmetry and the 77 asymmetry in the Universe. 
After the very efficient annihilation, only the dark matters are left in the Universe, in the 
same way, only the same amount of 77s exist. The late-time 77 decay creates the antidark 
matter and, hence, the total dark matter number in the Universe becomes zero after the 
77 decay. However, at that time, the dark matter pair annihilation processes have already 
frozen-out, and the total number density of the dark matter (plus anti-dark matter) remains 
twice the number density of the dark matter just before the decay of the 77. 

Associated with the spontaneous global U(l) symmetry breaking by {(f)) 7^ 0, cosmic 
strings would be formed. However, this is cosmologically harmless since the VEV scale 
of (j) is small and the mass per unit length of cosmic strings is very small. In addition, 
associated with this phase transition the NG mode appears. However, this NG mode does 
not couple with SM particles, and the constraints from e.g., the cooling rate of stars through 
the Nambu-Goldstone (NG) mode emissions inside the core can be avoided. Since the NG 
mode was in thermal equilibrium, its energy density contributes to the energy density of the 
relativistic particles. We estimate the contribution to the extra neutrino species at the big 
bang nucleosynthesis era T BBN ~ 1 MeV as 



Png 



« 0.2. (23) 

Tbbn 



Pv 

This extra contribution is interesting in terms of the value N c g = 3.85 ± 0.62 recently 
reported in Ref. |43| using the data from the South Pole Telescope. 



C. Direct /Indirect detection of dark matter 

There is a variety of ongoing and planned experiments to detect a dark matter particle 
directly or indirectly, through the elastic scattering of dark matter particle off with nuclei. 
The dark matter in our model couples with quarks in two ways. One is through Higgs 
bosons relevant to the spin-independent elastic scattering process, the other is the Z boson 

9 



exchange which causes the spin-dependent elastic scattering of the dark matter particle. 
Note that because of its Majorana nature, the dark matter particle has only the axial vector 
coupling with the Z boson, and the Z boson exchange process has no contribution to the 
spin-independent elastic scattering process. If the dark matter is the Dirac fermion in the 
absence of <fi VEV, the Z boson exchange dominantly contributes to the spin-independent 
elastic scattering process and as a result, our scenario will be excluded as the dark matter 
scenario with the heavy Dirac neutrino DM [25] or the left-handed sneutrino DM 2 . 
Therefore, the late-time Majorana mass generation is crucial for our dark matter scenario 
to be phenomenologically viable. 

The cross section of the spin-independent elastic scattering with a proton is given by 

2 



7T \m p + m x ; ' 



with the hadronic matrix element 



^= £ /#^ + ^/&£-. (25) 

1 q=u,d,s y c,b,t H 



where m q is a mass of a quark, and and f^Q are constants. a q is the coefficient of the 
effective operator C int = aqXjXjQQ f° r this scattering process and is given by 
1 (A?i + N&ySg + 2(^-2^3 + N n N^)YS a 

«.= 5 e ^ "* < 26 > 



For yv s <C Yv, a q is simplified as 

Ay/2vM H 



EySn ± YSi2 „ 
F= m a^i2 



m„ ( y cos a ± Y sin a —y sin a ± Y cos a . 

' sin cH —2 cos a ] , (27) 



4V2v V M* Hi ' M 2 H2 

where ± corresponds to which mass eigenvalue in Eq. ( 120]) is the dark matter mass. 
When the Yukawa couplings are nonuniversal, 

C-Yukawa ^ y^L^XR + Y 2 Xl$*Pr + h.C, (28) 

we also consider the spin-dependent scattering processes of the dark matter. The corre- 
sponding cross section with N- nucleus of mass m N and the spin J is given by 

32 ^2 ( mm N V a2 



A 2 J(J+1)) (2g) 

7r \m + m N 



2 Mixed 



Ya |45| or some right-handed 4fi |4jj sneutrinos are still viable WIMP DM candidates. 
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with 

A=j(a p (S p }+a n (S n }), (30) 
and the effective coupling with a proton and a neutron 



- - £ (32) 



q=u,d,s v F 



012 A (») 

A / 

where G>V is the Fermi constant, (S'p(n)) is the average of spin of proton (neutron) in a 
nuclei, and A q denotes the quark spin content. a 2 is the coefficient of the effective operator 
C-int = «2Xj75Xj975? mediated by the Z boson, and this is proportional to iVj 3 — Nj 4 . For 
yv s <C Yv , this is simplified as 



Nl-Nl^ - = _ * °' _ = . (33) 



(n 2 - Yj" 



D. Benchmarks 



There are a lot of parameters in our model and we here choose typical parameter sets 
for our benchmark scenarios. In order to realize our scenario, very efficient annihilation 
processes of the asymmetric dark matters are necessary. In addition, it is interesting if there 
exists a parameter regions which leads to the spin- independent /dependent elastic scattering 
cross sections testable by the future experiments. 



1. M^ rac > M w and a ~ 

Firstly, we consider the case where M^ rac > Mw and the mixing angle of Higgs bosons 
is negligible, a ~ 3 . In this case, the Dirac fermion dark matters (and also the r\ scalars) 
sufficiently annihilate into mainly W + W~ through the SU (2) gauge interaction in the early 
Universe. After the phase transition by nonzero (0), the dark matter becomes Majorana 
but its relic number density has been already determined by the dark matter asymmetry 
at the period when that particle was Dirac. At present, since this dark matter particle is 
Majorana, the cross section with nuclei which is relevant to the dark matter direct detection 

3 Since we have fixed v s v, a <C 1 is natural for Ai ~ A4 ~ A7 from Eq. ([5]). 
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is induced by not the Z boson exchange but Higgs boson exchanges. For a ~ 0, the SM-like 
Higgs (H2) exchange process is dominant and we can use the simplified form of a q as 

q AV2vM 2 H2 
For instance, for M# 2 ~ 120 GeV and Y ~ 0.2, we find 

4? ^ l(T 9 pb, (35) 



which is close to the current XENON 100 exclusion limit of > 10~ 8 pb |48|. 

Similarly, we estimate the spin- dependent cross section with a proton. For instance, for 
fi ~ 100 GeV and (Y u Y 2 ) ~ (0.4, 0.2), we obtain 

<t^> ~ 3 x 10~ 4 pb, (36) 

almost independently of the dark matter mass. The terrestrial experiments of dark matter 
direct search give the upper bound on < several xl0~ 2 pb by the SIMPLE [49]. In 
fact, the most stringent upper bound is derived from the indirect dark matter search by 
IceCube |50| 

as °sd ~ 10 3 — 10 4 pb, depending on dark matter mass. Our result can be 
close to this IceCube bound. 

2. M°j rac < M w and a ~ 

Next, we consider the case where M°j rac < M w and the mixing angle a ~ 0. Since the 
annihilation channel to W + W~ is kinematically forbidden in this case, the Dirac fermion 
dark matters mainly annihilate to a light pair through the Yukawa coupling. Since we have 
assumed the mass spectrum M n > M^ mc , even in this case, we may expect the annihilation 
of 77 into W-boson pairs. The annihilation cross section of Dirac fermion dark matters is 
estimated as 

9(NyN)* T 
167rm2 m x ' 

which can be large enough for y = 0.1 — 1. The spin-independent /dependent cross sections 
can be the same as those in the case with M^ rac > Mjy. 

3. Sizable a 



Finally we consider the case with a sizable a. In this case, the cross section with a proton 
can be enhanced by the first term in Eq. ff27|) because the singletlike Higgs (Hi) is light. A 
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portion of parameter space with very light Hi and/or not small y can be excluded by the 
current bound from the dark matter direct search experiments. 



E. Precision measurement 

In our scenario, the dark matter particle is a mixture of the £77(2) doublet and singlet 
fermions after the electroweak symmetry breaking, which causes the isospin violation, in 
other words, the mass splitting between up-sector and down-sector fermions in the £77(2) 
doublet. Such a mass splitting induces additional contribution to the p parameter, whose 
deviation from 1 is very severely constrained, Ap = p — 1 = (9(10~ 3 ) [51]. Assuming a small 
Majorana mass term, yv s /y/2, we evaluate 1-loop corrections to Ap via the dark matter 
fermions with the mass matrix in Eq ( II ip . For p x > Yv / a/2, we find 

A, H £(_£*_). (38) 
An 2 \p x -y^J 

The constraint is satisfied for Y < 0.3 with p x > 3/^. Thus, our discussion on the di- 
rect/indirect detection of dark matter is consistent with the p parameter constraint. 

III. MODEL B 
A. Setup 

Next we consider another realization of our scenario in the context of a gauged U(1)b-l 
extended model. In addition to the minimal gauged U(1)b-l extension with the right- 



handed neutrinos N R and B — L Higgs field \1/ 52H571]. we further introduce a vectorlike 
pair of SM singlet fermions (iPl,r) with B — L charge —2, another vector-like pair of totally 
singlet fermions (xl.r) and two B — L charged/uncharged complex scalars (77 and <fi). The 
charge assignments are shown in Table II. Here we have introduced a discrete Z 2 parity to 
ensure the stability of dark matter particle and a global £7(1) symmetry to forbid Majorana 
mass terms for the B — L charge neutral fermions. 

The Lagrangian relevant for our discussion is given by 

-Cd \vx c r <Pxr + \)Mxl + ^N c R (Yy¥)N R 

+^ x XlXr + VipipLipR + YtJjl^xr + Yxl^Hr + Y N i) L 7] ] N R + h.c. 

+y(<&,\M» (39) 
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TABLE II: Particle contents of Model B 



Fields 


SU(2) L 


U(1) Y 


U(1) B -l 


Z2 parity 


Global U(l) 


tpL 


1 





-2 




-1 


^>R 


1 





-2 




-1 


XL 


1 










—1 


XR 


i 
i 


n 
U 


n 
U 




1 

— 1 


* 


1 





-2 


+ 





V 


1 





+1 




+1 




1 








+ 


+2 


Nr 


1 





-1 


+ 






with 



= m 2 |$| 2 + m 2 |^| 2 + Ai|$| 4 + A 2 |^| 4 + A 3 |$| 2 |^| 2 
+m 2 |0| 2 + (A 4 |$| 2 + A 5 |*| 2 + A 6 M 2 )|0| 2 + A 7 |0| 4 
+m 2 |r ? | 2 + (A 8 |$| 2 + A 9 |^| 2 )|r ? | 2 + A 10 |r ? | 4 
+X w r]r]^^ + h.c, 



(40) 



where $ denotes the SM Higgs doublet field. For simplicity, we have assumed the universal 
Yukawa coupling constants y and Y . We fix the parameters in the scalar potential so as for 
$, ^ and <fi to develop VEVs and in this case the physical Higgs bosons are given by 

/ 

<I> = I , * = A=(v' + H), (t> — -A=(v s + v) (41) 



l=(v' + H), = -L( Us + V9 ) 



around their VEVs (v, v' and v s ). The mass eigenstates are obtained by the unitary rotation 



I 



S\\ S\2 5*13 
5*21 5*22 5*23 

^ S31 S32 S33 j 



h 



(42) 
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by which the mass matrix 



( 2v 2 s X 7 vv s X A v'v s X 5 \ I >»\ 



Mass term 



-(iphH) 



vv s \i 2v 2 Xi vv'X 3 
v'v s X 5 vv'Xz 2v' 2 X 2 



h 



(43) 



is diagonalized. 



B. Cosmological evolution 



When \1/ develops the VEV (ty) = the B — L gauge symmetry is broken. Associated 
with the symmetry breaking, the B — L gauge boson (Z') and the right-handed neutrinos 
acquire their masses, m 2 z , = Ag 2 B _ L v' 2 and rriN R = ^f-- We set this symmetry breaking at a 
energy much higher than the electroweak symmetry breaking. The current lower bound on 
v' is found to be v' > 3 TeV 



58 



59], and our setup is consistent with it. 



Right-handed neutrinos have two decay modes: decays into lepton and Higgs (Nr — > 
L$) and into rj and ip (Nr — > ijnj). As the same as the discussion for Model A in the 
previous section, the CP-asymmetric decays of the right-handed neutrinos generate the 
lepton asymmetry and the asymmetry of ip and 7]. We assume the scalar r\ is the heavier 
than the other Z 2 -odd particles. The if) asymmetry generated by Nr decay is nothing but the 
asymmetry of the dark matter sector. Notice that the same amount of asymmetry between 
r) and 77* is also generated as in Model A. 

After the B — L symmetry is broken by ($) = v'/ \/2 (but <p has not developed the VEV 
at this moment), Z 2 -odd Dirac fermion mass matrix is given by 

lxi\ 



{XlX c r4>lVr)M 



Xr 



(44) 



with 



M 



I y{4>) 







Y^ 2 H 



(45) 



Hip J 
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where ((f)) = 0. The mass eigenstates are mixture of two Dirac fermions, x an d tp and their 
mass eigenvalues are given by 

M Dirac = fbc±JH± W 2 + (fl x - /^) 2 ^ 

The lighter mass eigenstate is nothing but the asymmetric Dirac fermion dark matter. 

The WIMP dark matter scenario in the context of the gauged B — L model has been 
investigated before, and it has been shown that the dark matter annihilation processes are 
not efficient. Onl y in the limited cases with the Higgs boson resonance 60H62| or the the Z' 



boson resonance 



62 



63| , the relic abundance of the dark matter particle can be lower than 



the observed value. Therefore, in order to realize our asymmetric dark matter scenario, we 
need to tune the dark matter masses M^ rac to be close to half of either Higgs bosons or Z' 
boson masses, and so is the 77 mass in order to realize efficient annihilations between r] and 
77*. 

At a low energy where only is light and the others are decoupled, the scalar potential 
is simplified as 

^,77,0)~-mJ|0| 2 + A 7 |0| 4 , (47) 

where = —m\ — x ± v2 +^ v ' 2 > 0, and the scalar develops the VEV. In the early Universe, 
we consider the thermal effects on the scalar potential. By the same analysis in the previous 
section, the thermal mass term for <p is found to be m 2 h ~ T 2 \j/6 in the high-temperature 



expansions. Thus, the phase transition occurs at the temperature T c ~ y6m|/A 7 . Again, 
we assume a small and this phase transition takes place well after the dark matter and 
antidark matter annihilation have frozen-out. The same arguments on cosmic strings and 
NG mode for Model A are applicable to this model. 

As the same as in the Model A, the 77 decay produce antidark matter at late time. Since 
this happens after the freeze out of the annihilation processes of dark matters and 77s, the 
produced antidark matters remain without annihilations with the same number density as 
the dark matter one. 



C. Direct dark matter detection 



Once the <fi has developed the VEV in a late time, the fermion mass matrix in Eq. ( 145|) has 
nonzero diagonal elements and the dark matter particle has taken the form of the Majorana 
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fermion. Because of the Majorana nature, the dark matter particle has the axial vector 
coupling with the Z 1 boson, while the SM quarks have the vector coupling. As a result, 
there is no effective couplings between the dark matter and the SM quarks induced by the 
Z' boson exchange in the nonrelativistic limit. Therefore, for Model B, we only consider the 
spin-independent elastic scattering process via Higgs boson exchanges. 
The coefficient of the operator C int = cvqXjXjQQ is found to be 

«* = 5 2, m * 3 *> ( 48 ) 

where iVy is the unitary matrix to diagonalize the mass matrix. In the limit yv s <C Yv' for 
simplicity, a q is reduced as 

1 v-^ ySix i 2YS i3 , 

visr m * Sa ' (49) 

D. Benchmark scenarios 

As we have discussed above, viable parameter sets are very limited in order to achieve the 
large annihilation cross section for dark matter particles via the enhancement of the Higgs 
or Z' boson resonances. Let us consider two benchmarks. 



1. The Z' boson resonance 



We take the asymmetric dark matter mass to be M®l rac ~ M^//2, so that the dark matter 



annihilation cross section is enhanced 



62 



63] and the relic dark matter originates from the 



dark matter asymmetry in the Universe. Similarly, we take the r\ mass to be around half of 
the heavy Higgs boson mass. In this case there is little correlation between the annihilation 
cross section and the spin-independent cross section of the dark matter off the nuclei, except 
the dark matter mass being half of Z' boson mass. 



2. A Higgs boson resonance 

Another benchmark is to fix the dark matter mass M^ rac ~ and M v ~ 

or Mz>/2, where the Dirac fermion annihilation cross section is enhanced by the s-channel 
Higgs resonances and r\ annihilation cross section is enhanced by the s-channel Higgs or Z 1 
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resonances as discussed in Refs. 



60 



61| for similar models. For simplicity, we fix the dark 



matter mass to be half of the SM-like Higgs boson and in this case the structure of our model 
is similar to the so-called Higgs portal dark matter scenario. A representative model is the 
SM plus a gauge singlet real scalar as the dark matter [(34 - 67]. Since the sensitivity of the 
dark matter direct detection experiments has been greatly improved, the allowed parameter 
region of the model to simultaneously satisfy the constraints from the relic abundance and 



the direct detection is very limited 



68 



jH71|: For relatively light dark matter, say, Mdm ^ 1 
TeV, the dark matter mass should be around half of the Higgs boson mass (Mdm ~ Mh/2)- 
The correct relic abundance is achieved by the Higgs resonance even though the coupling 
between the dark matter and the Higgs boson is very small. On the other hand, such a 
small coupling makes the direct detection of the dark matter very hard. If the dark matter 
is lighter than half of the Higgs mass and the dark matter mass is not just on the Higgs 
pole, we can find the Higgs portal dark matter signal at high energy colliders such as the 



LHC 



pair 



rfrr 



71] through the invisible decay of the Higgs boson into the dark matter particle 



In our model, there is a crucial difference from the Higgs portal dark matter. For the 
asymmetric dark matter scenario, the large annihilation cross section is welcome in order 
to completely erase the symmetric part of the relic abundance of dark matter and antidark 
matter, leaving only the asymmetric part. Therefore, it is not necessary for the coupling 
between the dark matter and the Higgs boson to be small. In this case the spin-independent 
cross section can be accessible to the future experiments. 



IV. SUMMARY AND DISCUSSIONS 



We have proposed a novel asymmetric dark matter scenario. The dark matter particle is 
initially the Dirac fermion and the dark matter asymmetry is generated by the same mech- 
anism as leptogenesis. Through efficient dark matter annihilation processes, the symmetric 
part of the dark matter number density is erased and the dark matter relic density is de- 
termined by the dark matter asymmetry. After the annihilation processes have frozen out, 
a phase transition of a light scalar field takes place and generates Majorana mass terms for 
the dark matter particles. As a result, the originally asymmetric dark matter turns into the 
Majorana fermion. Although the dark matter behaves as the WIMP at present, its relic 
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abundance is basically independent of the pair annihilation cross section. 

In order to address this scenario in detail, we have proposed two simple models. The first 
model is based on the SM gauge group and no new gauge interaction is introduced. The 
dark matter originates from the SU (2) l doublet Dirac fermion and similar to the Higgsino 
in the MSSM. Through the coupling with the right-handed neutrinos, the dark matter 
asymmetry in the Universe is generated by the out-of-equilibrium decay of the right-handed 
neutrinos, the same mechanism as leptogenesis. The annihilation cross section through the 
SU(2)l gauge interaction is large enough to erase the symmetric part of the dark matter and 
antidark matter abundance. At a low energy after the freeze-out of the annihilation process, 
the thermal effects for the scalar potential becomes smaller, and a light scalar field develops 
the VEV. The Majorana mass term generated by the VEV turns the dark matter particle 
into the Majorana particle. Due to this Majorana nature, the dark matter has no spin- 
independent interaction with the quarks mediated by the Z boson. We have estimated the 
spin independent and independent elastic scattering cross sections of the dark matter with 
a proton and found that the cross sections can be close to the current experimental bounds 
with reasonable model-parameter choices. Therefore, the dark matter can be detected in 
the near future. 

In the second model, we have introduced an extra U(1)b-l gauge interaction and all 
new particles introduced are singlet under the SM gauge group. An efficient Dirac fermion 
dark matter annihilation is achieved through the resonance effect by the Higgs or Z' boson 
mediated processes. As a result, the dark matter mass should be around half of either Higgs 
or Z' boson masses. As in the first model, the phase transition of a light scalar occurs after 
the annihilation processes have been frozen-out, and the dark matter takes the form of the 
Majorana fermion at a late time. This second model is similar to the Higgs portal dark 
matter scenario. A crucial difference is that there is no constraint on the coupling between 
the dark matter and Higgs bosons from the dark matter relic abundance, because the relic 
abundance is determined by the dark matter asymmetry. Therefore, the spin-independent 
cross section can be as large as the current upper limit from the direct dark matter search 
experiments, independently of the annihilation cross section. This situation is similar to the 
nonthermal dark matter scenario, where the dark matter particle is produced by unstable 



relics such as moduli 



74|, Q-ball 75], and axino \76 \. 



Finally, we note that the realization of our scenario in the context of MSSM is challenging 
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because the Majorana mass terms for the gauginos is always present. Recently, it has 
been shown [77| that an extreme parameter choice can realize the Higgsino to be a viable 
asymmetric dark matter candidate. 
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Appendix A 



Here, we note the explicit form of N. 
( 



with 



N 



Yv 



Yv 



y/(2Yv) 2 + (yv 3 ) 2 D+ 


y/{2Yv) 2 + (yv 3 ) 2 D+ 


Yv 


Yv 


y/(2Yv) 2 + (yv a ) 2 D- 


y/(2Yv) 2 + (yv s )' 2 D- 


Yv 


Yv 


y/(2Yv)2 + (yVs) 2 D+ 


y/(2Yv) 2 +(yv s ) 2 D+ 


Yv 


Yv 



\ ^{2Yv) 2 + (yv s ) 2 D. y/(2Yv) 2 +(yv 3 ) 2 D- 



'1 + 



yv s 



-\ D - \ D - 

\D + \D + 



^(2Yvf+(yv s y 
y/(2Yv)* + (yv s y 



(Al) 



(A2) 
(A3) 



Appendix B: Amplitude 



We give explicit formulas of the invariant amplitude squared for the pair annihilation of 
Dirac dark matter \ light singlet scalar pair. 



wis; — >■ 



4./ dLIPS|A ^J- 



(NyN) 4 ( F(s) + G(s) In 



a + b 



a — b 



(Bl) 
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The auxiliary functions that appear above are defined as 

(4m 2 - m 2 ) 2 



Fs) 



G(s) = 2, 



m 2 (s — 4mV) + m\ 



— Am 2 (— 32m^ — 4m^(s + 4m 2 ) + 16sm 2 + 6m^ + s 2 ) 
s — 4m 2 , s 2 — 6sm 2 + 8m^, 



a(s) = s-2m 2 ,, 

6(s) = y / (s-4m 2 ,)( s -4m2). 
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